Highly differential cross sections have been obtained for dissociative single ionization of H 2 by 6
Introduction
The interaction of single photons or charged particles with simple molecules has attracted increasing attention. Molecular hydrogen has been the prototype system because it is the simplest diatomic molecule and because its vibrational motion is relatively fast, allowing to investigate the interplay between the electronic and the nuclear motion. For photon impact (for a review see [1] and references therein) interest was strongly fuelled by the advent of photoelectron-photoion coincidence techniques (see references in [2] ) which are now able to provide fully differential data for electron emission. These techniques have enabled for the first time the determination of molecular-frame photoelectron angular distributions and, consequently, of the symmetries of the molecular states involved (see e.g. [3] [4] [5] [6] [7] ), thus providing the ultimate testing ground for theory ( see e.g. [8, 9] ).
For ion impact the experimental situation is more complicated since one more particle has to be detected in the final state in order to obtain kinematically complete data. Fully differential cross sections (FDCS) for non-dissociative ionization of H 2 by fast ion impact have not been accessible until recently, where the obtained data revealed the role of molecular autoionization channels on the emission of very low-energy electrons [10] . Theoretically, ionization or fragmentation of (oriented) molecules by ion impact is more demanding as well and only a few predictions have been made up to now for fragmentation of even simple molecules.
Essentially two classes of experiments have been performed to investigate ion impact ionization and/or fragmentation of molecules: First, interference patterns are expected in the ionization spectra of diatomic molecules, resulting from the coherent electron emission from the two molecular centres, in analogy to Young's double-slit experiment [11, 12] . Although these effects appear even for random orientation of the molecular axis, they are more pronounced in the molecular-frame electron angular distributions [9] . Recent experiments have shown the presence of interference effects in ion impact ionization of H 2 [13] and have triggered several calculations [14, 15] but part of the information was lost since the orientation of the molecule with respect to the incident beam could not be determined. Second, coincident ion momentum spectra have been measured providing detailed information on the kinetic energy released in the molecular fragmentation and the dynamics involved (see e.g. [16] [17] [18] [19] [20] [21] ). During the previous decades, dissociative ionization of H 2 has been extensively studied by measuring the energy distributions of the emitted H + and/or the cross sections of the different channels [22] [23] [24] .
Here, we present highly differential data for dissociative single ionization of H 2 by 6 MeV proton impact, more precisely, for the ground state dissociation channel. To our knowledge, electron amission in all spatial directions has been explored for the first time in coincidence with the H + fragment. These data, along with the predictions of a CDW-EIS (continuum-distorted-wave eikonal-initial-state) calculation (for a review see [25] ), enable us to investigate the four-body dynamics (e, H + , H, projectile) and to provide molecular-frame electron angular distributions. The limitations of both, theory and experiment, will be discussed.
In general, as depicted in Fig. 1 , two possible pathways can be distinguished in single ionization of H 2 . First, a stable, possibly vibrationally excited H 2 + ion remains after the removal of the electron (non-dissociative ionization: (1) in Fig. 1 ). Second, with a small probability of a few percent of all ionization events [22, 26] (2) in Fig. 1 ). Ionization plus excitation can be separated from ground state dissociation using the fact that the kinetic energy of the H + from the former is typically of the order of a few eV, whereas from the latter it is in the sub-eV range [23, 27] . As an additional channel, double excitation of H 2 into autoionizing states is known to contribute within a few percent to the dissociative ionization [22, 24] . Here, we are concerned with ground state dissociation (channel (2) in Fig. 1 identified and discussed before [10] .
Experiment
The experiment was performed at the Max-Planck-Institute in Heidelberg using a multielectron recoil-ion momentum spectrometer ("Reaction Microscope" [2, 28] ). A well-collimated (hereafter we use the index r for the recoil H + ion and n for the neutral H atom) and cannot be determined event by event since the momentum vector of the H atom is not measured (kinematically non-complete experiment). However, we can expect that the values of the momentum transfer involved are similar to the ones in the non-dissociative ionization channel.
The momentum balance in the longitudinal direction is given by q min = p e|| + p r|| + p n|| . Now, the small quantity q min = (δE + E e )/v p < 0.13 a.u., where δE = 18.1 eV, is the minimum momentum transfer required to overcome both the binding energy (15.4 eV) of H 2 and the dissociation energy (2.7 eV) of the H 2 + ion and eject an electron with energy E e ≤ 35 eV.
Dynamics of the three-body breakup
Interesting questions concerning the dynamics of the three-particle fragmentation can be raised for dissociative single ionization. How is the momentum that was transferred by the projectile shared among the three target fragments? Is the electron emission independent from the nuclear fragmentation or not? Moreover, how does the electron emission depend on the orientation of the internuclear axis with respect to the momentum transfer? In general, our "non-complete" experiment does not provide sufficient information to answer these questions. Nevertheless, definite answers can be obtained by selecting specific conditions. For example, if one considers the momentum balance in the longitudinal direction only, it can be considerably simplified since q min < 0.13 a.u. and thus can be safely neglected: p e|| + p r|| + p n|| = 0. In addition, reasonable assumptions can be made for the nuclear fragments since they are obviously strongly correlated.
The longitudinal momentum distributions of the H + ions are shown in the upper row of Fig. 2, for slow (E e < 5 eV) and fast (E e > 10 eV) electrons, emitted into the forward or backward hemisphere, respectively, with respect to the incoming projectile direction. The longitudinal momentum distribution of the H 2 + ion from the non-dissociative ionization is also shown for comparison: As expected, the momentum distributions of the H + ions are much broader, reflecting the energy released in the nuclear fragmentation. We observe that the maximum of the p r|| distribution of the H + ions is shifted in the direction opposite to the emitted electron, an effect which becomes more pronounced at high E e . This suggests that the dissociative ionization proceeds through a two-step mechanism: In a first step, the electron is emitted as a result of the interaction with the projectile. In a second step, the remaining H 2 + ion, which is left in its vibrational continuum, dissociates. In this picture, the ionization process is independent from the dissociation. Since p e|| = -(p r|| + p n|| ), in the first step the centre of mass of the H 2 + ion acquires a momentum -p e|| in order to compensate the momentum of the outgoing electron. In the second step, the H + and the H are emitted in opposite directions with equal momenta in the frame moving with the centre of mass of the H 2 + ion, i.e. (p e|| /2 + p r|| )= -(p e|| /2 + p n|| ). Then, the quantity r|| p = (p e|| /2) + p r|| corresponds to the H + momentum in the frame of the molecule. In the lower row of If the suggested two-step mechanism is correct, r|| p should not depend on the electron emission characteristics. Indeed, as shown in Fig 3(a) , the ratios of the r|| p distributions for electrons emitted in the forward and in the backward direction, for E e < 5 eV as well as E e >10 eV, are constant within statistical errors. Also obvious is that electron emission in the forward direction exceeds the one in the backward direction by about a factor of 1.2 and 1.4 for E e < 5 eV
and E e >10 eV, respectively. This is due to a combination of pure kinematics, favouring in general the forward emission, and possibly of some remnants of the so-called post-collision interaction (PCI) at small perturbation Z p /v p =0.07 in a.u. where Z p is the projectile charge. At larger Z p /v p it is known that the electrons are "dragged" into the forward direction after the collision by the positive charge of the emerging projectile [29, 30] .
In Fig 3(b) we have plotted the ratio of the r|| p distributions for fast and slow electrons. We see that the emission of fast electrons is slightly enhanced for large r|| p . This might be attributed to the coupling between the electronic and the nuclear motion, which we have neglected so far. Since the momentum transfer is small (q min < 0.13 a.u.), fast ( r|| p > 2 a.u.) protons can only be ejected when the ground state dissociation occurs at very small internuclear distances within the FranckCondon region (Fig. 1) . Then, in turn, the emitted electrons might reach higher energies since they were initially more tightly bound in the molecule.
Molecular-frame electron emission
The molecular fragmentation process permits, under certain conditions, to determine indirectly the orientation of the molecular axis during the collision since the emission direction of the nuclear fragments might reflect the initial alignment of the molecule. When only one fragment is detected, in our case the H + , the following conditions have to be fulfilled:
First, the momentum of the H + should be much larger than the momentum transfer and the momentum of the emitted electron. Then, the momentum of the H + mainly results from the kinetic energy released and its direction is determined by the orientation of the molecular axis at the instant of the fragmentation and not by the collision kinematics. This is in general not true in our experiment, since all the momenta involved have comparable magnitudes: q < 1 a.u., p e < 1.6 a.u., p r < 2.3 a.u.. However, since q min is negligibly small, the direction of the H + is essentially unaffected by the kinematics in the special case when the H + is emitted perpendicular to the incoming projectile beam i.e. in the direction of q ≈ q ⊥ .
Second, the molecular dissociation should be fast in comparison to the molecular rotation, so that the direction of the detected H + really corresponds to the initial molecular orientation (axial recoil approximation [31] ). This is valid for dissociation on the repulsive parts of all H 2 + states as long as the energy of the emitted H + is higher than the rotational energy of the molecule [32, 33] . In our experiment most of the target molecules are estimated to reach the rotational ground state after the supersonic expansion, and therefore it was sufficient to consider H + ions with energies above 2 meV. (The experimental data showed no difference when we restricted to H + ion energies above 10 meV.)
Therefore, we have taken into account only events for which the H + was emitted i) perpendicular to the projectile beam, more precisely under the condition | r|| p | = |(p e|| /2) + p r|| | < 0.2 a.u., which corresponds to an H + emission angle between 80° and 100° and ii) with energies above 2 meV, in order to fulfill the axial recoil approximation.
In Fig. 4 we present molecular-frame electron angular distributions for ground state dissociation of H 2 by ion impact. Plotted are doubly differential cross sections for electrons emitted into the plane defined by the momentum vectors of the incoming projectile, and the H + fragment as a function of the polar electron emission angle relative to the initial projectile direction, for E e = 2.5 eV, 10 eV and 20 eV. With increasing E e , the cross section slightly increases for electron emission opposite to the direction of the H + ion: this is due to the initial "kick" given to the centre of mass of the molecular ion by the outgoing electron in the transverse direction, similarly to what was said above for the longitudinal direction.
A theoretical CDW-EIS model [14, 34] The electron angular distributions calculated within the CDW-EIS in the plane defined by the direction of the incoming projectile and the molecular axis are shown in Fig. 4 , as a function of the polar electron emission angle relative to the initial projectile direction, for E e = 2.5 eV, 10 eV and 20 eV ("molecular calculation": solid lines). The cross sections for ionization of two "effective" H atoms, that is without the interference term, are also shown for comparison ("effective" atomic calculation: dashed lines). For these energies of the emitted electrons the difference between "molecular" and "effective" atomic calculation is mainly visible in the absolute magnitude and is most pronounced at 90° and 270°. As explained in [34] the small structures appearing in the "molecular" calculation mainly in the forward and backward directions essentially result from the interference term. In Fig. 4 the experimental data are compared in shape to the theoretical calculations. For each E e , the data have been normalised to the "molecular" CDW-EIS cross section in the region around 90°.
Within statistical errors the experimental data are found to be in good agreement with both calculations. In particular, the electron angular distribution becomes narrower along the perpendicular axis as E e increases. According to the theory, interference effects become increasingly important as E e increases or, equivalently, as the de Broglie wavelength of the emitted electron becomes comparable to the internuclear distance. In order to observe a full oscillation in the FDCS E e should extend up to 270 eV. Thus, for the low electron energies considered here, interference effects are very small. In this respect, within the statistical errors, our experiment cannot provide evidence for them. Another question is whether they exist at all for dissociative ionization where we actually distinguish the two nuclear centres by knowing the emission direction of the H + ion. Since at present the only way to determine experimentally the orientation of the H 2 molecule is by dissociative ionization, this means that it might in principle be impossible to verify the theoretical predictions of interference patterns in molecular-frame electron emission.
Conclusions
We have studied dissociative single ionization of H 
